During iron ore sintering, material coalescence in the bed determines the physical properties of the agglomerated product. Sinter density and structural quantification by 2D image analysis were used to elucidate the degree of coalescence and densification achieved during sintering. In the first program, samples -representing increasing temperatures -were obtained from three locations down a sintered bed. Sinter density, determined by liquid pycnometry, was found to be strongly dependent on green granulated bed bulk density. Image analysis results indicated a strong dependence between sinter density and porosity. Results also show that more coalescence occurs for blends containing porous ores at increasing sintering temperatures. When sinter basicity and/or coke rate is low the effect of temperature on coalescence is less pronounced for all blends. The second program compared coalescence using 19 to 21 mm sinter from eight different pot tests and blends containing significant porous ores. For the same ore blend sintered under different conditions, measured trends in sinter density and porosity were in line with expectations but the changes were not large because the material in sinter has a high specific gravity of over four and changes in porosity were less than 5%. It was concluded that small increases in coke level could decrease sinter porosity by 5%, resulting in increased sinter tumble strength. Both programs show that when melt volume is high, small increases in temperature have a significant effect on coalescence in the flame front.
Introduction
Iron ore sintering requires the formation of a packed bed composed of a range of iron ores and fluxes, solid fuel, sinter return fines and adjunct materials such as plant dusts and fines. These have all been blended and granulated -into pseudo-particles or granules -to coarsen the size distribution of the mix. As a result, the packed green bed prepared for sintering is permeable and has a reasonably macro-uniform structure -in that the granules and inter-particle voids are random distributed. Figure 1 shows typical structures of the green and sintered bed. It is obvious that significant structural changes accompany the conversion of the green mix to sinter. When crushed the sintered bed degrades into sinter particles with a reasonably narrow size range. It is clear that the larger sinter particles would come from the dense clusters of the sintered bed (in Fig. 1 ) while the origins of the smaller sinter particles would be the connecting material between these denser regions.
During sintering the bed transforms because of material coalescence. On reaching high temperatures in the flame front the material in the bed preferential densifies at certain locations and disappears at other locations. The primary enabler of coalescence is the clearly the formation of melt. Because sinter particle size distribution influences blast furnace performance and is a function of bed structure, the bed transformation process is an important topic for consideration. Any ability to manipulate the coalescence process to produce larger sinter particles with a narrower size distribution would improve blast furnace permeability and productivity.
It is very difficult to continuously track and quantify the changing structure of a bed during sintering. A simpler approach is to assess of the degree of coalescence that has occurred over the entire sintering cycle through characterizing sinter particles. The aim of this paper is to explore the effect of ore properties and changes in flame front properties on coalescence.
In the Flame Front
When the descending flame front arrives at a particular position in the bed, and temperatures have risen to around 1 100°C the iron oxides and the limestone react because of solid-solid reactions. Calcium ferrites are formed and further temperature increases causes their incongruous melting to form the first melts. 1, 2) The subsequent melt-solid reactions at the periphery of surrounding solids results in the formation of more melt. Melt volume continues to increase as more and more solid is assimilated.
2) The properties of the liquids formed, therefore, also changes significantly with time. In most cases, complete assimilation of the solids is not obtained because the bed cools very quickly following the departure of the flame front. The amount of melt gener-© 2012 ISIJ ated will depend on the residence time at temperatures of greater than 1 100°C and this parameter is, in turn, dependent on factors such as the speed and thickness of the flame front. Other than residence time the amount of melt formed will also depend on maximum temperatures reached since this influences assimilation kinetics. Melt generation is also a function of the properties of the solids being assimilated. Studies have shown that porous ores are assimilated very readily because melts are capable of penetrating into intra-particle pores. 4, 5) The effectiveness of a melt in penetrating the intra-pores of a solid and its ability to accommodate assimilated material is also a strong function of its chemical composition.
4)

Coalescence
The bed transformation process illustrated in Fig. 1 can only be achieved if the forces driving coalescence are significant. In the flame front a three-phase mix composed of solid, liquid and gas (voids) exists. Coalescence initiates once a certain volume of melt of acceptable physical properties forms and stops with the departure of the flame front. The main cause of coalescence is clearly the system's drive to lower its energy level. In sintering this means a reduction in the surface area of the three-phase mix. There will be a tendency for the dense clusters to approach a spherical shape since this configuration has lowest surface energy level. At the same time, at the micro-level, the porosity of these clusters also decreases as trapped bubbles in the liquid phase coalesce into larger bubbles (to reduce the total liquid-gas surface area), which would enhance their ability to leave the liquid. In sintering, it is a common observation that increasing coke rate to increase flame front temperatures will form more spherical and denser sinter particles.
Two important melt properties causing the physical transformation of the mix are its surface tension and viscosity. Material movement and reshaping will be driven by the surface forces and resisted by the viscous forces. In conclusion it is to be expected that in the flame front, the level of coalescence achieved will depend on: a) the liquid, solid and void ratio of the mix b) liquid properties -kinematic viscosity and surface tension c) solids properties -size distribution and density (function of porosity and minerals present) d) properties of voids in the melt -size distribution
Effect of Coalescence on Sinter Particle Properties
In Japan several research centres have used CT scanning to continuously track changes in bed structure as a function of temperature. 6, 7) A different approach is used in this study. Efforts will be directed at quantifying the structure of sinters produced under different conditions to elucidate the forces driving coalescence in the flame front. A larger driving force will result in more coalesced sinter particles and, therefore, altered sinter properties.
As coalescence at the macro-level will result in the formation of denser, more spherical sinter particles, sinter tumble strength could be a good bulk measure of the level of coalescence that has occurred because a denser sinter is usually a stronger sinter. Sinter size distribution could be another measure because stronger, more spherical sinters do not breakdown as much during stabilization in laboratory or handling in a plant. However, strength and size are not fully reliable measures of coalescence because the physical degradation of sinter is also a function of its petrographic composition and residual stressed generated during cooling. At the micro-level, coalescence also causes changes in the properties of the voids or bubbles in the liquid. For this reason, pore properties -shape, size and population -and total pore area could reflect the level of coalescence achieved in the flame front. In this study attempts will be made to characterize coalescence at both these levels.
The success of any study to understand the fundamental drivers for a process will depend on the ability to keep all the controlling parameters except one unchanged during a test. In most cases this is difficult to do because many of the parameters are inter-related. In the study of coalescence increasing melt volume will alter melt chemical composition, not just decrease the solids content of the mix. Consequently, the viscosity and surface tension of the melt also changes.
In summary, coalescence during iron ore sintering will have the following effect on the product sinter particles: a) a reduction in porosity, b) coarsening of the pore size distribution, and c) increased sphericity of the individual particles and intra-pores.
Experimental
Two pilot-scale sinter programs -A and B -were conducted. Both were aimed at providing understanding of the effect of ore properties and flame front properties on coalescence. In Program A this information is obtained through studying sinter samples obtained from different regions down a sintered bed. These samples would represent the same ore mix sintered at different temperatures. The aim of Program B was to determine if it is possible to compare the level of coalescence achieved between different sinter tests. As the aims of the two programs are different, procedures used to extract samples for characterization varied accordingly.
Program A
The pilot-scale sinter pot located at the BHP Billiton Newcastle Technology Centre 8) was used to produce the sinter samples for this study. For Program A, to ensure that as many variables were kept constant in the production of the sinter the following experimental approach was used. Tests were carried out under different conditions and this included using a range of iron ores (only single ores and binary blends were used in sintering), sinter basicity and coke addition level. The sintered bed was then removed from the pot as an intact cylinder. Samples were then excavated from the upper, centre and lower regions of the bed to represent materials sintered at increasing temperatures. It is well-established that bed temperature increases down a bed because the combustion of coke particles in the top bed uses ambient air while in the lower bed the air has been pre-heated. In addition to increasing temperatures the flame front also broadens, which means that the residence time at high temperatures also increases down the bed. 3) Differences in the level of coalescence for the three samples are, therefore, a result of changes in maximum sintering temperatures and residence time at high temperatures. Both these parameters will influence melt volume and properties and, therefore, coalescence behavior during sintering. Table 1 shows the ore mixes considered in this study. As for Program 1 in a recently reported study, 3) four ores were used; three were Australian ores -a porous hematite (H), a hematite-goethite ore (M) and a pisolite ore (P) -and the fourth a dense Brazilian hematite (B). Some of these single ore and binary mix tests were repeated using different coke additions and increasing sinter basicity from 1.35 to 1.81. As in the earlier study, 3) standard procedures developed to assess the performance of an ore blend -using productivity, coke rates, sinter strength and yield as indicators -were not followed in these experiments. The level of return fines added to the sinter mix was kept constant and the product sinter was not shattered to enable the determination of cold strength and return fines balance. To stop the preferential ingress of air around the wall of the sinter pot and create a more uniform flame front, an annular layer of fine iron ore was introduced between the granulated sinter mix and the pot wall.
3) A bed height of 600 mm was used and the ignition and sintering suctions were 8 and 16 kPa respectively.
After sintering, the entire cylindrical block of sinter (now less than 600 mm in height) was emptied out of the pot intact. On removing the iron ore fines used to seal the pot walls, five 100 mm thick circular bands -of similar diameter to the sinter pot -were stacked as rings around the sintered block. These were used as guides to determine the positions to remove sinter samples for study. A hammer and screw-driver was used to break-up the sinter and material enclosed by the upper (U), centre (C) and lower (L) bands were removed for study. The shrinkage of the bed on sintering depended on the ore blend composition; as such the height of sinter protruding above the upper band was not the same for every test.
As the removed sinter contained large lumps which were quite heterogeneous a decision was made to crush the material down to 6.3 mm topsize. The plus 4 minus 6.3 mm fraction was then screened out for characterization studies. If larger particle sizes were considered there would be greater possibility of random large closed pores being present, which would have a large impact on the density of the sinter particles. The disadvantage of crushing to this fine size is that some larger pores would not be included in the quantification of coalescence. At this stage it is impossible to determine if the chosen size used in this study is the most appropriate.
Program B
Program A considered the changes in sinter properties down a full sintered bed. The aim of Program B is to focus on quantifying only the product fraction from different sinter tests. The general procedure used to manufacture sinters is the same as that used in Program A. However, the major difference between the two programs is that the sintered block in the pot was dropped out from a height of two metres and then a further three times to produced stabilized sinter. The shattered sinter particles produced were then screened. The amount of minus 5 mm material representing material returned to the sinter plant because of its unsuitability as a blast furnace feed was determined. The ratio of return fines in the sinter mix to that generated after stabilization has to be between 0.95 and 1.05. If the value is outside of this range the test was repeated with a different return fines level in the sinter mix or coke rate or both. Particles 'representing' the product (i.e., the plus 5 mm fraction) of the test were removed for evaluation. Characterizations of sinter tumble strength, reducibility, low-temperature reduction degradation and softening and melting were carried out on these samples. Such a practice is adopted by most sinter pot test operations worldwide. The four blends considered are shown in Table 2 . These blends contain ores similar to those used in Program A. For any of these blends, flame front properties could be altered by changing mix moisture during granulation to alter granule size and airflow through the bed. Altering coke addition in the sinter mix will also alter flame front properties. In this study, airflow rate through the bed was altered using two sintering procedures. The first is similar to that used in Program A and involved placing a thin cylindrical steel sleeve inside the sinter pot to form a 10 mm annulus around the pot wall. The granulated sinter mix was charged to the inside of the sleeve after the annulus formed between the inside pot wall and the outside of the sleeve was filled with fine iron ore. The second involved simply just filling the sinter pot with the granulated mix, as used in most sinter pot operations worldwide.
Studies have shown that an annular fines layer has a very large influence on airflow through the sinter pot and, therefore, sintering results. Sealing at the pot wall resulted in reduced airflow rate and, as a consequence, this caused the flame front to travel down the bed more slowly. The slower descent of the flame front means that material is held for a longer time at high temperatures and this should increase the level of coalescence achieved during sintering and increase sinter strength. Figure 2 shows polished sections of the minus 4 plus 6.3 mm particles produced from three sinter mixes (P, B and 50P:50B) in Program A, and they represent sinter from the upper and lower beds. In these binary images of sinter, black represents solid and pores are white. From these micrographs it is clear that the properties of the sinter mix have a very large influence on the density of the sinter particles. The top and bottom rows show that Ore P produced a much more porous sinter compared to Ore B which is a dense hematite. The middle row micrographs essentially composed of materials from the top and bottom rows. Figure 2 also shows evidence that for the same ore/blend, sinters extracted from the lower level have lower porosities and higher densities that sinters from the upper level. This indicates that temperatures in the flame front have a strong influence on the level of coalescence achieved and also that sinter particle density can be used to assess the level of coalescence that has occurred.
Quantifying Coalescence
Macro-coalescence
Figure 2 also suggest that sinter particle density in toto would not always reflect the level of coalescence that has occurred e.g., sinter produced from dense Ore B may have coalesced less but because the sinter contains a large amount of unreacted ore (the dense black regions) it has a higher density. However, for a particular green bed of uniform structure, changes in the product sinter particle density from the top to the bottom of the bed can provide information on the degree of coalescence as a function of temperature.
Micro-coalescence
From Fig. 2 it is evident that a second possible measure of coalescence would be the properties of the pores in (only) the bonding phase. In 2D image analysis it is possible to identify unreacted ores and omit them (together with their intra-pores) in the analysis. In doing this the results would give a more definitive measure of coalescence than sinter density. A magnification higher than that used in Fig. 2 is required to determine the relationship between pore area and temperature and whether pore population is reduced, pore size and sphericity increased down the sintered bed. It is to be noted that not all pores in the bonding phase are formed from bubbles in melts and, therefore, relevant when assessing coalescence. For example, voids between the strands of fibrous silico ferrite of calcium and aluminium (SFCA) were most likely formed during the solidification and precipitation processes and were not present in the original melt. Dehydrated but unassimilated goethite would contain significant porosity. 11) In both these cases, the pores under discussion are fine. The pores in natural hematite ores and pores in the hematite of hematite-goethite ores are also mostly fine. This means that there is possibility that when all fines pores in the 2D images are omitted, the remaining results reflect pore properties in the bonding phases.
Quantification of the Extracted Sinter Samples
Techniques involving liquid displacement (pycnometry) were used to quantifying the density of the sinter samples. Water was not considered suitable because some sinter particles could contain free lime. In addition water is also capable of penetrating into fine pores and results would more closely reflect the density of the solids rather than the skeletal or apparent density of the sinter particles. A more viscous liquid would be preferable. Peanut oil was chosen as denser oils are more difficult to handle, may not penetrate into large open pores. For Program A, 60 g of sinter particles were used for each measurement of sinter density. Five measurements were carried out on each sinter sample to obtain an averaged particle density.
For Program B, a decision was made to study only the sinter fraction (plus 19 minus 21 mm) used for reducibility characterisation. For each measurement ten sinter particles (between 100 and 130 g) were weighed in air and then in peanut oil. On correcting for the container weight sinter density was determined from the difference in the two weights and density of the peanut oil. Quoted density results are averaged values for three measurements.
The image analysis technique was developed at the BHP Billiton Newcastle Technology Centre. 9, 10) Polished surfaces of sinter particles mounted in resin blocks were imaged using Zeiss Axiocam MRm camera attached to a microscope (either the Zeiss Axio Imager. M1m or the Zeiss Axio Imager. Z1m) using a ten times Epiplan-Apochromat air objective with bright-field reflected light. For Program A, 30 sinter particles from each location were evaluated. For each sinter particle 100 images were captured and stitched together. The composite 2.90 × 2.13 mm (or 1 500 × 1 100 pixels) image was then processed using a Carl Zeiss Vision Kontron Electronik KS400 image analysis system. Binary segmentation was used to produce black and white images to reflect solids and pores. A large number of structural parameters such as total porosity, pore density and shapes could be determined from these binary images. For Program B, a batch comprising ten sinter particles was used to represent the product from a test. To obtain an idea of the inherent variability in results three batches of Blend I sinter were characterized using image analysis.
Program A Results
For this program, coke addition level, sinter basicity and ore/ore blend were varied to determine their effect on coalescence. The sinter product was characterized by particle density and image analysis. Figure 3 shows repeat test results for two ore blends -P and 50P:50M. The figure indicates that a reasonably high level of reproducibility can be expected from the density test results. As expected, results in Fig. 3 show that a denser green bed will produce a denser sinter. Typical bulk densities of Ores H, M, P and B are 2.4, 1.9, 2.0 and 2.7 t m -3 respectively. Ore B is much denser than Ore P. As such the bulk density of the bed for the binary blend is much higher at 1 950 kg m -3 compared to the value of 1 760 kg m -3 for the Ore P test. From the visual images in Fig. 2 , and density results in Fig.  3 it is to be expected that when the level of coalescence is the same for two ore blends, denser sinter particles should form from the blend containing denser ores because: a) the level of intra-particle pores in the primary ore particles are much lower, and b) there will be more dense primary ore particles because they assimilate at a slower rate during sintering. Even if the level of coalescence is significantly higher for the lower bulk density blend it is unlikely that all the intraparticle porosity (from Ore P, for example) can be removed by coalescence. The porosity of Ore P (which is already much higher than that of Ore B) also increases significantly before melt formation because of the dehydration of the goethites present. 11) If the dehydrated ore assimilates completely, this porosity is transferred into the melt as bubbles and melt density can only increase if these bubbles are expelled. Figure 4 shows results for tests carried out at different coke addition rates. For Ore P increasing coke addition level in the mix (ore basis) from 6.0 to 6.5% resulted in the formation of denser sinter at all three positions in the bed. Introducing 20 wt.% Ore B into Ore P for the same two coke addition levels did not have a significant effect on sinter density. The results for these two blends are only slightly higher compared to that for Ore P at the higher coke rate. These results suggest that temperatures have a large impact on the coalescence process when sintering porous ores alone. Introducing a dense, less reactive ore even at the 20 wt.% level would increase the solids content of the three These results indicate that lowering the viscosity of the melt by increasing temperature does not have a large effect on coalescence when the mix contains unreacted ore particles.
Sinter Particle Density
Reproducibility of Test Results
Effect of Coke Addition Level
Effect of Basicity
Results for the two sinter mixes in Fig. 5 show that increasing sinter basicity reduces sinter density. The first reason for this is that increasing basicity reduces green bed bulk density (limestone is lighter than iron ore) which leads to the formation of a more porous sinter. Secondly, increasing basicity at the same coke addition level also reduces maximum sintering temperature because of additional calcinations requirements -which hinders coalescence. This reduction in temperature is actually more because the wt.% of coke in the sinter mix is lower for the higher basicity tests -as coke addition is on an ore basis excluding fluxes, coke and return fines. For Ore P the impact of increasing basicity is small at the upper bed region. Compared to Fig.  3 sinter density values are higher and the slopes of the graphs steeper in Fig. 5 ; the most likely reason is that lower coke addition rates are used in the tests shown in Fig. 3 .
Ore Blend Properties
Figures 6 and 7 show the effect of ore blend composition on sinter density. The results given in Fig. 6 are for gradually varying the proportion of a dense ore in a binary blend. The bulk densities of the green sinter mixes used to obtain the results given in Fig. 6 are shown in Table 3 . The positions of the five lines in Fig. 6 are consistent with the changes in bulk density values in Table 3 . In the upper bed where temperatures are lower the gaps between the lines are the largest and they narrow as temperature increases down the bed. The two flat lines in Fig. 6 show that for higher green bulk density mixes, sinter density is less sensitive to temperature. Once the mix contains 50% Ore P coalescence becomes more sensitive to temperature. These results again reiterate the important role of solids content in determining the coalescence behavior of the three-phase mix in the flame front.
The results given in Fig. 6 are for a sinter basicity of 1.81. At the same coke addition level but reducing basicity to 1.35, results for Ores B and M and two binary blends are shown in Fig. 7 . Compared to the lower bulk density tests in Fig. 6 (i.e., Ore P and blends with higher levels of this ore) the lines for Ore M and the 50M:50P blend are flatter. 
Sinter Pore Properties
For four tests, sinters from the three locations down a sintered bed were imaged. At each location, a hundred 2D images were obtained from ten sinter particles for processing. Total pore area was a parameter measured. Figure 8 shows the relationship between total pore area and the measured density of the sinters for four tests -Ores P and B at the two basicities. The top plot in Fig. 8 is for total pore area, which will include the very fine (minus 0.02 mm 2 ) pores discussed in section 4.2. That there is some relationship between the two parameters even at different sinter basicities is not surprising because pores of all sizes will influence sinter density. The bottom plot of Fig. 8 only considers the larger pores (plus 0.02 minus 0.15 mm) and in doing this pore area has reduced by more than one-half. The coarser pores are mostly present in the bonding phases and so the bottom plot could give a better reflection of the level of coalescence achieved during sintering.
That dense and porous ores can all be fitted on a straight line indicates that the densities of the solids in all the sinters are comparable. The positions of the U, M and L data points -although not always consistent because of variability in results -indicate that increasing temperatures causes the expulsion of pores from the three-phase mix in the flame front. The gradient of the lower line is not as steep indicating that less dense sinter contains more fine pores. The correlation between the two variables appears to be better with the removal of these finer pores. The reason for this is unclear. These results confirm the relationship between macro-and micro-coalescence and it is clear that porosity has a greater influence on sinter density than basicity.
An attempt was made to quantify the changes in pore density and shape. Coalescence will cause pores to become more rounded. Using pore sphericity to provide a measure of coalescence is complicated by the fact that this variable is also a function of pore size: smaller pores will always be more rounded. A comparison of pore sphericity at different pore sizes did not show reliable trends for sinters extracted from the different regions of the bed. Mean pore size values also did not show consistent trends. It is, therefore, not possible to acertain if higher temperatures down the bed resulted in increased bubble coalescence in the flame front. As discussed, the main driver for coalescence is to decrease the system's surface area and surface energy. In two-dimensional image analysis, a measure that is proportional to surface area is the total perimeter length of the pores. Pore size, density and sphericity all influence the total perimeter length value. Figure 9 shows a plot of total perimeter length for pores in the region of 0.02 to 0.15 mm 2 against sinter density. The obtained general trend is not unexpected and position of the data points (i.e., U, C and L) is consistent with expectations except for Ore B at high basicity. As discussed in an earlier paper, 3) on its own Ore B is difficult to sinter and relict ore content of the polished blocks show that the sinter particles can have quite variable unreacted ore areas. The results in Figs. 8 and 9 show that pores not only coalesce to form larger pores but they are also capable of leaving a melt. For this reason total pore area and total perimeter length are possible micro-measures of coalescence that has taken place during sintering. Table 4 shows the sintering results for the four blends with and without an annular fines layer. For each blend, coke addition to the sinter mix was kept unchanged and the same target mix moisture was used. As expected from previous studies, the introduction of the annular layer decreased green and sintering bed airflow rates. 12, 13) As a result flame front speed and productivity decreased. 12, 13) The annular layer also increased yield and the return fines added to the sinter mix had to decrease to obtain return fines balanced operation. 12, 13) Because coke addition is carried out on an ore basis decreasing the return fines addition will result in higher sintering temperatures. Table 4 shows that on a total mix basis the increase in coke level for the same sinter mix with and without the use of an annular layer is quite differ- Table 4 shows that the increases in coke rate in moving from tests without to tests with annular layers are larger for Blends I and III. The corresponding increase in tumble strength when an annular layer is introduced is also the larger for these two blends, indicating strong relationships between coke rate and sinter strength. Improvements in sinter tumble strength are obtained because increasing both temperatures and residence time enhanced material coalescence and densification. Sinters formed with an annular fines layer should, therefore, be denser than the same sinters formed without the layer. The densities of the sinters are also shown in Table 4 . Introducing an annular fines layer resulted in increased sinter density. Blends I and III gave the largest increase in sinter density, of 0.09 t m -3 . It is not entirely surprising that, on introducing an annular fines layer, the increases in coke level in the mix and sinter tumble strength are also the largest for these two blends, suggesting that sinter strength is dependent on its density. The decreased flame front speed will increase the residence time at temperatures of greater than 1 100°C
Program B Results
3) and this could also have an impact on sinter strength and density. However, the relative contributions of increased coke level and decreased flame front speed cannot be differentiated in this study.
To assess the variability in sinter density results, a particular test was chosen and 15 measurements, involving more than 1.5 kg of material, were carried out. The average density for the sinter was 3.63 kg m -3 and the standard deviation for the 15 measurements was 0.029 kg m -3 . This would suggest that there is close to a 95% confidence limit that the differences between the density results (in Table 4 ) with and without a fines layer are different. The range in sinter density results in the same table is much smaller than those obtained in Program A (Figs. 3 to 6 ). This is because the blends are not vastly different in compositions -all having between 21 to 35 wt.% of the dense Brazilian ore and also significant amounts of Australian hematite ore. Some sinter particles used for density determination were also set in resin, sectioned and then polished to obtain a smooth surface for microscopy studies. Images were captured and processed. Total porosity can be determined as a function of pore size. As the sinter particles would not all be sourced from the same region of the sintered bed, it is important to assess the variability in the results. Figure 10 shows results for Blend I. Thirty sinter particles were imaged and results were randomly divided into three batches. Averages were determined for the ten particles in each batch and Fig. 10 shows results for a batch, a combination of two and all the three batches representing averaged values for 10, 20 and 30 sinter particles respectively. Results show that with wall sealing sinter porosity values are lower and this consistent with the trends obtained for sinter density shown in Table 4 . Figure 11 shows the results of the other six sinters in Table 4 i.e., Blends II, III and IV. Only ten sinter particles from each test were used to obtain the results shown in Fig.  11 . For two of the three cases, higher density sinters were obtained with sealing at the pot walls. An unexpected trend was obtained for Blend II and the most likely reason is that more than ten particles are required to give a meaningful measure of sinter structure. Nonetheless, it is reasonable to deduce, to some certainty, that sinter product can be used to assess the level of coalescence achieved in a test. Future studies will explore methods to reduce the variability in results e.g., using a size fraction finer than 19 to 21 mm. Results in Figs. 10 and 11 show maximum changes in porosity of about 5 vol.%. The density of pure hematite is generally quoted to be in the region of 5.15 to 5.30 kg m -3 . The solid components in sinter should have a lower density as it also contains calcium, silica, alumina and other lower density oxides. If the solid in sinter is assumed to have a density 4.42 kg m -3 , then a change in sinter porosity from 25 to 30 vol.% will decrease sinter density from 3.54 to 3.40 t m -3 . These values and changes are in generally agreement with results shown in Table 4 and Figs. 10 and 11 . Most of the increases in tumble strength caused by the introduction of wall sealing are larger than the expected variability in test results, which means that a 5 vol.% increase in sinter porosity has a significant effect on sinter mechanical strength.
Discussion
Program A shows that when sinter contains significant unreacted ore particles, the porosity/density of these particles have a larger influence on sinter density, as determined by liquid pycnometry. Image analysis was used to determine the pores in sinter, including those in the unreacted particles. The was a strong correlation between sinter total porosity and density, confirming that the large difference in density between sinter formed using different ore blends are related to their differences in porosity.
For single ores and binary ore blends the effect of temperature on coalescence was considered by studying samples removed from different regions down a sintered bed. These results show that changes in sinter density were much larger for porous ores indicating that increasing temperatures resulted in higher levels of coalescence. Possible reasons for this are that sinters produced from porous ores contain less unreacted material and/or these relict material present are less dense -both of which will make coalescence easier. Analysis of sinter down a sintered bed also show that lowering sinter basicity and decreasing coke rate will result in decreased coalescence. Both these effects can be explained by reduced melt formation and increased solids content in the three-phase mix.
In Program B, four iron ore blends containing porous and dense ores were sintered under standard and a modified condition. To achieve 'return fines balance' for tests under the two conditions, the level of return fines added to the mix under standard condition is higher. Past work indicated that flame front speed would be higher and the sinter produced weaker under the standard condition. This study has shown that these sinters are less dense, an outcome of decreased coalescence. There is some indication that the changes in sinter density corresponded to the differences in coke levelsa direct results of differences in the level of return fines in the mix -in the sinter mix. These results also indicate that for blends containing significant porous ores small changes in coke level in the sinter mix have a significant impact on sinter porosity and density and tumble strength. This means that the coalescing properties of sinter mixes, which generate significant melt volume, can be greatly enhanced by small increases in temperature.
The four our blends studied in Program B are not too different to commercial sinter mixes used at plants in the AsiaPacific region. A proportional relationship between the level of coke in the total sinter mix and changes in sinter density was not always observed for two reasons. Firstly, it is to be expected that for a batch of 19 to 21 mm sinter -as used in the characterization -the variability in the properties of the particles would not be insignificant as they are not all sourced from the same location in the sintered bed. Secondly, the measured changes in sinter porosity and density are not large, and the variability in these parameters between sinter particles from the same batch could be of very similar magnitude. Both these factors mean that a large number of particles -more than 10 considered in this study -will have to be characterized in order to obtain more meaningful results.
Conclusions
To study the factors determining coalescence in sintering, two programs were carried out. In the first program, samples down sintered beds were removed for characterization. Using sinter density and pore properties as measures of coalescence that has occurred in the flame front, results indicate that decreasing maximum sintering temperatures and increasing the level of unassimilated ore reduced coalescence. In the second program, sinters produced from four ore blends under two sintering conditions were considered. Coke and return fines levels in the sinter mix influenced maximum sintering temperatures and, therefore, the level of coalescence achieved.
